An important recent discovery concerning the fundamentals of matrixassisted laser desorption/ionization (MALDI) is that the abundance of each ion appearing in a spectrum is fixed, regardless of the experimental condition, when an effective temperature associated with the spectrum is fixed. We describe this phenomenon and the thermal picture for the ion formation in MALDI derived from it. Accepting that matrix-to-analyte proton transfer is in quasi-equilibrium as supported by experimental data, the above thermal determination occurs because the primary (matrix) ion formation processes are thermally governed. We propose that the abundances of the primary ions are limited by the autoprotolysis-recombination process regardless of how they are initially produced. Finally, we note that primary ion formation, secondary (analyte) ion formation, and their dissociations occur sequentially while the effective temperature of the matrix plume falls steadily due to cooling associated with expansion.
INTRODUCTION
Almost simultaneously in 1988, Tanaka et al. (1) and Karas & Hillenkamp (2) reported the mass spectra of proteins acquired by a technique that we now call matrix-assisted laser desorption/ionization (MALDI). To optimize the performance of the technique, much effort has been made in the area of instrument development, in the search for appropriate matrices, etc. (3) (4) (5) (6) . A tremendous amount of effort has also been made to understand the processes associated with MALDI (7) (8) (9) (10) (11) (12) . However, even after 25 years of research, there is no general consensus on how MALDI operates, particularly regarding how ions are produced. The difficulty in acquiring quantitatively reliable data has been the main obstacle. Hence, investigations of how ions are formed in MALDI have become essentially dormant. A new comprehensive review of the subject is unnecessary because it will substantially overlap with the contents of the excellent reviews written by Zenobi & Knochenmuss in 1998 (7) , by Karas & Krüger in 2003 (9) , and especially by Knochenmuss in 2006 (11) .
Our own investigation of the processes occurring in MALDI started from the realization that rapid adiabatic cooling (13) (14) (15) (16) of a matrix plume must be postulated to explain high abundances of molecular ions generated from peptides in spite of their efficient in-source decay (ISD) (14, 17) . Although this postulate forms part of our perception of MALDI, we do not go into detail on this point.
More recently (18, 19) , we serendipitously discovered that MALDI spectra appear to be thermally determined, or the abundance of each ion in a spectrum appears to be fixed when the effective temperature associated with the spectrum is fixed. In our effort to find an explanation for this observation, we tested and/or refined the primary ion formation models listed in the reviews mentioned above rather than devising new ones, because the list appeared to be fairly complete. In this article, we provide brief reviews of models that are frequently quoted, although some of them are no longer popular. Then, we present a description of our discovery of the thermal determination of MALDI spectra, its characteristics, information on the ion formation mechanism that we extract, and its interpretation based on thermodynamics and thermal kinetics. Specifically, this review aims to present an account of our recent findings (18, 19) on the ion formation mechanism in MALDI rather than to present a comprehensive review of the subject. Finally, we present a few useful analytical applications of the concepts we derive.
ION FORMATION MODELS

A Brief Overview
In the MALDI spectra of most biological analytes (A) such as peptides and proteins, protonated molecules, i.e., [A + H] + , are the main forms of molecular ions observed. We focus on their formation in this review but not that of A +• , [A + Na] + , and other molecular ions. This limits somewhat the models addressed here.
Pressure in the plume generated by laser ablation is expected to be very high initially, 1 atm or higher even 10 ns after ablation (11, 20) . Hence, in addition to the primary process of ion formation, secondary processes may also occur (7, 11) . Depending on the model, [A + H] + may be formed either in the primary process or in a secondary process, or in both. However, a consensus is emerging for the two-step model in which [A + H] + is produced by a proton transfer from [M + H] + , where M indicates the matrix, which yields the primary ion (7, 11) :
1.
Quasi-equilibrium:
system that is not in equilibrium but for which several of its properties can be treated as if it were
Autoprotolysis:
proton transfer between the same molecules, A + A →
As we show below, our own data not only support this model but also strongly suggest that Equation 1 is in quasi-equilibrium. The remaining question, then, regarding ion formation in MALDI concerns how [M + H] + is generated.
Primary Ion Formation Models
Depending on the electronic state of M involved in the formation of [M + H] + , models can be classified into two groups, excited and ground electronic state models. Multiphoton ionization (MPI), exciton pooling, and excited-state proton transfer (ESPT) belong to the former group, whereas ground-state proton transfer (autoprotolysis), preformed ion emission, and the cluster model belong to the latter (7, 9, 11).
Multiphoton ionization.
The transition of a molecule to a highly excited electronic state by multiphoton absorption can lead to its ionization (7, 11, 21) . The efficiency of this process becomes especially high when each photoexcitation step is resonance enhanced. Because the photon energy at the widely used laser wavelength of 337 nm is 3.68 eV and the ionization energies of the matrix molecules are ∼8 eV or higher (11) , three photons must be absorbed for a matrix to become ionized. This is difficult because the laser pulse energy used in MALDI is typically very low (1 μJ per pulse) (4) . Although some speculated the two-photon ionization of matrix clusters (22, 23) , no concrete evidence of its occurrence has been presented.
Exciton pooling.
This model was devised to overcome the problems of the MPI model. Here, the photon energy transferred to a solid sample is assumed to remain the excited-state energy quantum, or exciton (24) . When three or more excitons are localized in a particular molecule in the solid sample and pooled for transition to an electronic state above the ionization limit, the matrix may become ionized (25) . Given that the ground-to-excited-state transition probability at 337 nm is very high for the molecules used as the matrix, the model can explain the generation of a significant number of matrix ions at a low laser fluence as long as the exciton has a long lifetime. Through molecular dynamics simulation based on this model, Knochenmuss & Zhigilei (26, 27) demonstrated that various experimental features of MALDI with 2,5-dihydroxybenzoic acid (DHB) as the matrix could be reproduced.
A characteristic of the exciton pooling model, which is common for photoionization models, is that the process generates
A mechanism is then needed to generate [M + H] + from M +• , such as the capture of an atomic hydrogen (28) . Another characteristic of photoionization models is that they do not say anything about the formation of [M − H] − , which is regarded as the primary ion in the formation of negative ions in MALDI. A typical speculation is that electron capture by M produces M −• (29, 30) , which is converted into [M − H] − by hydrogen atom loss (28) . Recently, Lin et al. (31) cast doubt on exciton pooling based on their time-resolved fluorescence study.
Excited-state proton transfer.
In this ionization mechanism, the primary species is the matrix molecule in an excited electronic state, M * . A proton transfer from M * to A and then to M produces AH + and MH + , respectively (7, 11, 32) . Knochenmuss (11) proposed discarding this mechanism because molecules displaying efficient ESPT (excited-state proton transfer) are not good matrices in MALDI.
Miscellaneous Techniques
The potential inside the reflectrons of the tandem time-of-flight (TOF) instruments used in our work has both linear and quadratic components (42, 43) . In a MALDI-TOF spectrum recorded with such an instrument, not only do the molecular ion and its ISD products give signals (17) , but the post-source decay (PSD) products (20) and PSD products of ISD do as well (13) . This allows the simultaneous measurement of ISD and PSD yields from just one spectrum.
Ion abundances in MALDI are affected by the fluence (pulse energy divided by spot area) of the laser (44) . To avoid the difficulty of measuring the spot area, we fix the focusing optics and quote only the pulse energy. We define the threshold (energy) for MALDI as the pulse energy at which one or more ions appear in 50% of the spectra acquired by a single laser shot (single-shot spectra) (14, 45) . The pulse energy used in each experiment is quoted as a multiple of the threshold. The peak area is used to estimate the abundance of each ion. The detector gain was calibrated by measuring the output of a single ion pulse. The gain as a function of ion, m/z, was measured separately for the ISD and PSD products (14, 46) . Care was taken to avoid detector saturation (47, 48) .
Kinetics of Time-Resolved Photodissociation of Peptide Ions
A cylindrical cell was installed at the point of first time-focus of a tandem TOF (46) . The photodissociation (PD) laser beam was guided into the center of the cell perpendicular to the ion trajectory and synchronously with arrival of a peptide ion pulse. When the cell was floated at a high voltage, the PD product ions that formed inside and outside the cell were separated by the reflectron (46) . The sums of the abundances of the in-cell (S I ) and post-cell (S P ) components were measured and their ratio, S P /S I was taken. Three matrices [α-cyano-4-hydroxycinnamic acid (CHCA), 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid, SA), and DHB] and PD lasers at 193 and 266 nm were used. The relative yields of PSD were also measured.
Rate constants for peptide ion dissociation were calculated according to the Rice-RamspergerKassel-Marcus (RRKM) theory (49, 50) . All the b-y channels for amide bond dissociation were assumed to be in competition. A thermal distribution at each temperature was assumed for the internal energy of a peptide ion (46, 50) ; later in the study, this was identified with the effective temperature in the late plume, T late , where expansion was completed (14) . The critical energy (E 0 ), critical entropy at 1,000 K ( S ‡ ), and T late for each matrix were used as adjustable parameters. Using the rate constant calculated with a given set of selected values of (E 0 , S ‡ , T late ), the S P /S I ratio and relative yield of PSD were evaluated. By comparing the results with the experimental data, sets of (E 0 , S ‡ , T late ) were selected so that the calculated and measured ion yield data agree for the MALDI measurements with the three matrices. For [Y 6 + H] + , which is our model peptide ion, E 0 and S ‡ were 0.60 ± 0.03 eV and −28.4 ± 2.1 eu (1 eu = 4.184 J K −1 mol −1 ), respectively. The T late values were 470 ± 20, 450 ± 30, and 400 ± 20 K, respectively, for MALDI with the matrices CHCA, SA, and DHB (51).
Adiabatic Cooling and In-Source Decay-Post-Source Decay Kinetics
Although the most important aspect of the ISD of peptide ions is the production of c-and ztype ions (52) , regular b-y channels dominate in the dissociation of small peptide ions without arginine (53, 54) . ISD in such cases is efficient but terminates rapidly, within 100 ns (14) . This was a mystery because efficient and rapid ISD should have resulted in the nearly complete depletion of peptide ions by the time they arrived at the source exit. The traditional assumption that the exothermicity of the matrix-to-peptide proton transfer is responsible for ISD (55) could not explain this observation. We proposed resolving the mystery by postulating cooling of the matrix plume upon expansion (13, 14) .
For a kinetic analysis of ISD, we measured the total ISD and PSD yields and converted them to the survival probabilities inside (S in ) and outside (S post ) the source (13) . By analyzing S in with the RRKM rate constant calculated using E 0 and S ‡ as obtained during the time-resolved PD (46, 51), we determined the effective temperature in the early plume (T early ), where ISD occurred. We estimated similarly the effective temperature in the late plume (T late ). For the CHCA-MALDI of Y 6 at the 1.5× threshold, the T early and T late values were 874 and 461 K, respectively (13) . The T early value was in agreement with the ∼900 K value obtained by Yergey and colleagues (56) through an ISD analysis; the T late value agreed with those determined by Mowry & Johnston (57) through the photoionization of desorbed neutrals.
Estimation of T early from the Fragmentation Patterns of Matrix Ions
In this section, T early associated with an observed spectrum is estimated as follows. According to the theory of mass spectra, the extent of fragmentation of a molecular ion is determined by its internal energy content. In the case of MALDI in which [M + H] + and [A + H] + are produced in the early plume at a high pressure, the extent of fragmentation will be governed by T early . One may estimate T early from the extent of fragmentation of the matrix ion,
+ . This is especially useful because one can avoid going through a complicated kinetic analysis for each analyte ion. What we actually do is as follows. From the MALDI spectrum of a peptide whose ion dissociation kinetics has been determined by a PD study, we evaluate T early by the ISD-PSD method. From the same spectrum, we also measure the abundances of some matrix-derived ions that change as T early changes. For CHCA-and DHB-MALDI, the I(
ratio, where I represents the ion abundance, is sensitive to T early . We acquire spectra under various conditions, measure both T early and the I(
ratio for each spectrum, and plot the ion ratio versus T early (58) . For a newly observed MALDI spectrum, we measure the above ion ratio and estimate T early associated with the spectrum by referring to the plot.
TEMPERATURE DEPENDENCE OF MALDI SPECTRA
Although the same ions appear in the MALDI spectra for a given matrix-analyte mixture recorded under different experimental conditions, their abundances, both absolute and relative, do not remain the same. In fact, there is a strong consensus among the practitioners of MALDI regarding the shot-to-shot irreproducibility of ion signals from a single spot, spot-to-spot irreproducibility in a sample, and sample-to-sample irreproducibility (59, 60) . Part of the irreproducibility arises from the inhomogeneity of the sample (61, 62) . Even for particularly homogeneous samples such as vacuum-dried samples containing CHCA matrices (47), however, irreproducibility remains. Spectral irreproducibility prevents the collection of reliable data, inhibiting the fundamental study of MALDI.
We (47) recently attempted to estimate the ion yields of peptides in MALDI by collecting a set of single-shot spectra through the repetitive irradiation of a spot; however, shot-to-shot spectral variations occurred, as expected. We then realized that the overall trend in this variation was reproducible (18) . Figure 1 shows a typical instance of the shot-number dependence in the MALDI of a peptide, Y 5 R, in CHCA. Three trends were noted. First, the extent of dissociation of the peptide ion decreased as the number of shots increased, as exemplified by the decrease in the relative abundance of the immonium Y ion. Second, the same trend was observed for matrix-derived ions as well; e.g., the abundance of [CHCA + H − CO 2 ]
+ decreased more rapidly than that of [CHCA + H] + . Finally, the peptide-to-matrix abundance ratio, I([
, increased as the shots continued (18) . The first and second trends are indications that the internal energies of the peptide and matrix ions decreased as the shots continued. Because Y 5 R is more basic than CHCA (63, 64) , the matrix-to-peptide proton transfer is exothermic; thus, the third trend indicates that the effective temperature in the region of the plume where the proton transfer occurred became lower as the shots continued. To summarize, the effective temperature in the early plume where the proton transfer and ISD are thought to occur appeared to decrease as the shots continued.
Subsequently, we realized that the effective temperature would decrease as the shots continued, given the thinning of the matrix layer upon repetitive laser irradiation, resulting in more efficient surface-to-target thermal conduction in the sample (65 the first 20 single-shot spectra, estimated T early using the ISD-PSD method (13) , and found that T early decreased in thinner samples (18) . Hence, thermal conduction seems to contribute to the temperature decrease, although other cooling processes might also contribute. Observing a strong correlation between the spectral and T early changes gave us hope for the possibility of acquiring reproducible MALDI spectra by selecting spectra with the same T early . To test this idea, we prepared samples with the same compositions but with different thicknesses; performed MALDI at two different wavelengths, 337 and 355 nm, and with different pulse energies; and selected those showing the same T early (18) . The relative ion intensities of all spectra acquired were essentially identical, as illustrated in Figure 2 .
The spectral patterns appear to be thermally determined because the matrix-to-peptide proton transfer (Equation 1) is in quasi-equilibrium and because ion dissociation is governed by thermal kinetics. To test the idea of quasi-equilibrium for the proton transfer, we acquired by repetitive laser irradiation sets of MALDI spectra for some peptides in CHCA with different compositions; selected those with the same T early ; and calculated the reaction quotients (Q P ) for proton transfer, ) was estimated by equating it with the corresponding ratio in the solid sample. As Figure 3 shows, the Q P values estimated were nearly independent of the peptide concentrations, in agreement with our assertion that the proton transfer is in quasi-equilibrium (18) .
The thickness, laser wavelength, and pulse energy of a homogeneous sample with a given composition are factors that affect the MALDI spectral pattern. That the spectral pattern is fixed when T early is fixed, regardless of the variation in the above factors, is an indication that these factors affect the spectral pattern indirectly, i.e., by affecting T early . However, it is unreasonable to postulate that the effective temperature for reactions occurring later (ISD) can be affected by a reaction occurring earlier (proton transfer). A logical explanation is that the surface temperature of an irradiated spot determines the effective temperature of the plume in the downstream areas such as T early through adiabatic cooling (13, 15, 16) and hence thermally dictates the reactions affecting the spectral pattern.
QUANTITATIVE REPRODUCIBILITY OF ION SIGNALS IN MALDI
Before we became aware of the shot-number-dependent variation of MALDI spectra, we attempted to estimate the ion yields (number of ions produced divided by number of neutrals consumed) of some peptides by measuring ion abundances in spectra acquired using a fixed pulse energy. The total ion abundance (analyte plus matrix) measured in this study appeared to be independent of the laser fluence and also of the analyte concentration (47) . We rechecked the above conclusion later with measurements at a fixed value of T early (19) , as described below. The total ion abundance in a spectrum acquired without temperature selection tends to increase with the pulse energy. Ahn et al. (19) in this shot-number range) increased steadily with the pulse energy from 4,000 at 2× , to 9,700 at 3×, and to 15,000 at 4× threshold. For comparison, spectra with a T early value of 900 ± 5 K were selected from the same sets of spectra. It was found that not only were the spectral patterns identical, but also when T early was the same the absolute ion abundances became equal, regardless of the pulse energy. Table 1 lists the total ion abundances in the CHCA-MALDI of Y 5 K and Y 5 R in samples with various compositions obtained at two different values of T early , together with those measured during the laser-desorption ionization (LDI) of pure CHCA. The total ion abundance is unaffected by the identity or concentration of the analyte(s). In particular, the total ion abundance in a cation MALDI spectrum of a matrix-analyte mixture is nearly identical to that in the LDI of a pure matrix. That the increase in the number of analyte-derived ions corresponds with a decrease in the number of matrix-derived ions is consistent with the two-step model (7, 11, 66) . Additionally, the total ion abundance in a MALDI spectrum is fixed at a fixed value of T early because the total number of ions generated by LDI of the pure matrix is. Given that the matrix fragment ions are generated from [M + H] + , the above statement can be paraphrased as, "A MALDI spectrum is quantitatively reproducible at a fixed value of T early because the total number of matrix-derived ions generated from a pure matrix is fixed at a fixed value of T early ." Thus, identifying why the total number of ions in the LDI of the pure matrix appears to be thermally determined becomes the focus of an investigation of the ion formation mechanism in MALDI.
In anion MALDI, [M − H] − is usually the primary ion (67) , and the analyte ion, [A − H] − , is generated by the analyte-to-matrix proton transfer (7, 68) . Other than this, anion MALDI appears to operate just as cation MALDI does. In particular, we observed that ion abundances in anion MALDI appeared to be thermally determined (Y.J. Bae & M.S. Kim, unpublished observations).
Two factors would affect the number of primary ions, [M + H] + and [M − H]
− , in the gas phase. They are the ablation efficiency and the ionization efficiency. The former determines the total number of particles ablated, whereas the latter determines the fractions of ionic species in the plume. It is known that the ablation efficiency is thermally determined (8, 69) . Therefore, our observation of the thermal determination of the primary ion abundances indicates that the ionization efficiency is also thermally determined (70) . We emphasize once again that this thermal determination can be traced to the evolution of the plume temperature, from the surface temperature to T early , and to its influence on ion abundances, despite the fact that the spectral correlation was discovered for T early .
MECHANISM OF PRIMARY ION FORMATION
Thermal Determination Versus Primary Ion Formation Models
In our review of primary ion formation models, we presented three excited-state models and three (or four, if we count the polar fluid model separately) ground-state, or thermal, models. Here, we examine whether these models are compatible, or can be refined to become compatible, with the thermal determination of the primary ion abundances.
We defined the early plume as the place where (or the time when) ISD occurred. Later, we coined the moniker "very early plume" to denote the places where the primary ions were formed; in the preformed ion emission model, primary ions are present in the solid sample. In addition to the primary ion formation reaction(s), a few other reactions may occur in the very early plume. One of these is charge recombination and another is autoprotolysis (Equation 3), which is the reverse reaction of charge recombination. If the encounter of a cation with an anion results in efficient recombination (71) , such collisions during passage through the very early plume should critically affect the total ion abundance in a spectrum. According to our rough estimation (70) , the number of collisions that each ion makes is ∼0.1-10. The number of collisions that a neutral makes with another neutral is substantially larger, at 10 4 -10 6 . That is, although the forward reaction, autoprotolysis, approaches quasi-equilibrium, the same may not be the case for the reverse reaction. If the condition in the very early plume is close to quasi-equilibrium for autoprotolysisrecombination, the number of primary ions will be thermally determined. However, this is uncertain. Autoprotolysis-recombination will affect the primary ion abundances regardless of how such ions are initially produced. Hence, the above models were reclassified into three groups: autoprotolysis, the remaining thermal models followed by autoprotolysis-recombination, and excited-state models followed by autoprotolysis-recombination.
In the case of autoprotolysis, a large number of collisions for a neutral will take the system close to quasi-equilibrium. Even when the system fails to reach quasi-equilibrium, the primary ion abundances will appear to be thermally determined because the extent of the autoprotolysis reaction will be determined by the thermal kinetics. When primary ions are formed by a thermal process other than autoprotolysis, their abundances will be reduced by recombination. However, ion abundances will be thermally determined because the extent of the latter reaction is thermally governed as well. The discussion thus far suggests that all the ground-state models are compatible with the thermal determination of ion abundances. A problem common to all the ground-state models is the requirement of a high temperature (T ve ) in the very early plume, where primary ion formation and autoprotolysis-recombination occur. The energy demand is especially high for the autoprotolysis model.
For the excited-state models, the number of primary ions formed will increase with the laser pulse energy or will not be thermally governed. Even when autoprotolysis-recombination occurs, ion abundances will not be thermally determined unless autoprotolysis-recombination approaches quasi-equilibrium. When quasi-equilibrium is imposed on this reaction, however, the excited-state models become as energetically demanding as the ground-state models. To summarize, once we accept the occurrence of autoprotolysis-recombination, we cannot eliminate any model based on thermal determination alone.
Abundances of the Primary Cations, Anions, and Photoelectrons in Light of Primary Ion Formation Models
MPI and exciton pooling can be collectively referred to as photoionization models. These models are concerned with the formation of M +• (together with an electron) (28) − . Because the efficiencies of these reactions would differ widely, it is unlikely that the primary cations and anions will have similar abundances. In contrast, similar abundances will not be surprising for thermal models, those involving autoprotolysis in particular. Among the excited-state models, ESPT predicts identical abundances for the primary cations and anions.
In the cation LDI spectrum of CHCA (70), two groups of ions appear: Group I consists of
+ and its ISD products; group II consists of alkali metal adduct ions, e.g., [M + Na] + , and their ISD products, e.g., Na
+ . In the anion spectrum, [M − H] − and its ISD products appear. The shot-number dependences of the abundances of these ions produced from a spot were acquired with a fixed pulse energy. Figure 4 shows the results for the total cation abundance (group I + group II), that of group I, and that of the anions. In late shots, the total abundance of the group I cations is virtually identical to that of the anions. In early shots, the former is smaller than the Shot-number dependences for the total cation (red circles) and anion (light blue circles) abundances in a set of spectra obtained for CHCA with four times the threshold pulse energy. Spectra acquired from each spot were averaged over every 10 shots. The shot-number dependence was then averaged over 10 spots. Cation abundances without a contribution from alkali metal ions or alkali metal adduct ions are also shown (tan triangles). MCP gain calibration was done for each ion. latter, and the difference appears to be the same as those for the group II cations. Taking [M + Na] + as the representative adduct ion, let us assume that it is produced together with − with the loss of a hydrogen atom (28) . Given inefficient electron capture, some of the photoelectrons would survive. Although the production of photoelectrons under MALDI conditions was indicated indirectly (73, 74) , its straightforward detection was reported only recently, by Wang and colleagues (23, 75) . We also observed (Y.J. Bae & M.S. Kim, unpublished observations) that photoelectrons were produced even at 0.1 × threshold (23) and that their number increased steadily (30, 74) but very slowly with the pulse energy, in contrast to the rapid increase of the ion signals near the threshold in MALDI (44) . At 1.7× threshold, their number became comparable to that of anions, which, in turn, was comparable to that of cations. That is, the total number of negatively charged particles became twice that of positively charged particles. Finally, photoelectrons were detected even when there was no matrix on the target (23) . We therefore concluded that the photoelectrons detected were unrelated to the usual MALDI process. Rather, they may have been produced by a photoelectric effect of metal-adsorbate complexes on the target surface, as suggested by Knochenmuss and colleagues (30, 76) . The photoionization models are not supported, given the lack of photoelectrons associated with the usual MALDI process.
The Reaction Quotient of Autoprotolysis and the Upper Limit of T ve
From the spectral data in CHCA-LDI, we estimated a reaction quotient (Q A ) for autoprotolysis that was on the order of 10 −13 and that increased with T early (70) . We also estimated its equilibrium constant (K A ) versus the temperature via a quantum chemical calculation at the G4MP2 level (77) . K A also increased with the temperature. Previously, we reported 900 K as the T early of the CHCA plume, where ISD occurred (14) . K A calculated at this temperature was 2 × 10 −30 (70) . That is, the ionization efficiency in LDI appears significantly higher than expected from the thermodynamics of autoprotolysis, which has baffled the proponents of the autoprotolysis model. However, this is also a problem for excited-state models because they require quasi-equilibrium in autoprotolysis-recombination to be compatible with the thermal determination. Q A will approach K A as the effective temperature in the very early plume, T ve , increases. To determine how high T ve should be for autoprotolysis-recombination to be in quasi-equilibrium, we (70) equated Q A with K A . The upper limit for T ve thus estimated was 2,100 K. Combining T ve with our previous results on the effective temperatures of the plume (14) , one finds that the CHCA plume undergoes steady cooling upon expansion, from 2,100 K at the time of primary ion formation, to 900 K where ISD occurs, and to 460 K at the source exit. The corresponding temperature change in DHB-MALDI was 1,900 K → 800 K → 400 K. As the plume expands and cools (13, 15, 16) , K A will decrease rapidly, possibly leading to a drastic reduction in the number of primary ions. This does not occur, as evident from the success of MALDI, because the ion densities also decrease rapidly as the plume expands.
Although Kinsel et al. (78) reported 1,700-1,900 K as the effective temperature of the plume where the matrix-to-amino acid proton transfer occurs, a T ve value of 2,100 K is still too high. To see whether there was any chance this value was correct, we roughly estimated the temperature of the irradiated region of CHCA as follows. By taking the inverse of the absorption coefficient Energy, eV Probability density
Figure 5
Internal energy distributions of CHCA at 460, 900, 2,100, and 2,700 K, calculated with a method reported previously (50) . Vibrational frequencies for CHCA obtained via a quantum chemical calculation at the DFT-B3LYP level with the 6-311+G(d,p) basis set were used. 2,100 K is the upper limit of T ve . 900 and 460 K are T early and T late as estimated by ISD-PSD kinetics (13, 14) , respectively. Abbreviations: CHCA, α-cyano-4-hydroxycinnamic acid; ISD-PSD, in-source decay-post-source decay.
of CHCA at 337 nm (2.18×10 5 cm −1 ; see Reference 79), we estimated 4.6 × 10 −6 cm as the penetration depth. With the measured burn mark area of 1.9 × 10 −5 cm 2 , the irradiated volume became 8.7 × 10 −11 cm 3 . Approximating the density of CHCA as equal to that of cinnamic acid (1.25 g cm −3 ), the amount of CHCA in the volume became 5.8 × 10 −13 moles. Assuming that 0.6 μJ of laser pulse energy (2 × threshold) was deposited in this volume, the energy for each molecule was 10 eV. This was equivalent to the average energy at 2,700 K. Figure 5 shows the internal energy distribution at 2,700 K. The actual temperature will be lower than this due to factors such as the reflection loss of the laser, thermal conduction, and evaporative cooling. The internal energy distributions at 2,100, 900, and 460 K are also shown to demonstrate the rapid expansion cooling occurring in MALDI.
Although the T ve of 2,100 K required for quasi-equilibrium in autoprotolysis-recombination appears still too high, a rough estimation showed that it was not inaccessible. If T ve is as high as required for quasi-equilibrium, primary ions may be produced by any of the thermal models. However, their final abundances will be determined by autoprotolysis-recombination. A reliable measurement of the irradiated volume's instantaneous temperature is necessary to check the validity of this explanation. If the temperature is found to be significantly lower than as estimated above, a search for an alternative explanation, which is energetically less demanding, is needed. For example, ionic species formed in the solid, in the selvage, or in the very early plume may remain stabilized by matrix molecules until they leave the very early plume, as proposed by Beavis and colleagues (34) , Chait and colleagues (35) , and more recently Wang and colleagues (80) . Accounting for the fate of the energy deposited in the irradiated volume will also be an outstanding question related to the fundamentals of MALDI.
APPLICATIONS
Acquisition of Quantitatively Reproducible Mass Spectra
Our finding that quantitatively reproducible spectra can be acquired by selecting single-shot spectra with the same T early value is a significant development for MALDI (19) . The main shortcoming of such an approach was that 90% of the spectra acquired by the repetitive irradiation of each spot had to be discarded. To overcome this problem, we devised a method termed total ion count (TIC) control (81) . Here, the total number of particles (TIC) appearing in each single-shot spectrum is counted. Then, TIC is held near a preset value by feedback control of the laser pulse energy. Using this technique, we can generate quantitatively reproducible spectra with nearly 100% efficiency. The steps taken for the acquisition of a reproducible MALDI spectrum of an analyte and for its quantification. Abbreviations: MALDI, matrix-assisted laser desorption/ionization; TIC, total ion count.
Quantification of Peptides and Proteins
The expression of the reaction quotient for the matrix-to-analyte proton transfer (Q P ) can be converted into the following: We showed that Q P measured at a constant T early was nearly independent of the analyte concentration when the analyte-to-matrix ratio in the solid sample was used for I(A)/I(M) (13) . As such, Equation 4 means that the analyte concentration in the solid sample is proportional to the analyte-to-matrix ion abundance ratio; or, it is a linear calibration curve that can be used for the quantification of peptides, proteins, and other biological molecules (82, 83) . Figure 6 shows an excellent calibration curve for 0.01-250 pmol of Y 5 K in 25 nmol of CHCA. In this method (58) , internal standards such as analytes that have been multiply labeled with stable isotopes (84, 85) are not needed. In their stead, the matrix serves as an internal standard. We illustrate in Figure 7 the steps taken for the acquisition of a reproducible MALDI spectrum of an analyte and for its quantification.
CONCLUSION
In view of the firm belief by practitioners that the mass spectra acquired by MALDI are not reproducible, our recent finding that they become quantitatively reproducible when an effective temperature is fixed is a pleasant surprise. After evaluating spectra acquired while controlling the temperature, we arrived at the following simple thermal explanation of the spectral formation in MALDI:
[M + H] + and [M − H]
− are the primary ions in MALDI of most biological molecules. Although various thermal processes may contribute to the initial formation of these ions,
